Abstract. The article presents the results of vibroacoustic research on a prototypical 4-stage radial microturbine and a scroll expander operating in the organic Rankine cycle with the low-boiling fluid HFE7100. The high-speed microturbogenerator had the electrical capacity of 3 kW e at the nominal speed of 24000 rpm. The low-speed expander with a capacity of 1 kW e and a nominal speed of 3600 rpm was made by Air Squared. The frequency characteristics and overall vibration level (vibration velocity Vrms) measurements were conducted for both the microturbine and the expander, depending on the rotational speed and on the power consumption of electrical energy receivers. The level of noise emitted by the microturbine and expander was also determined. The research was carried out for various electrical loads of the expansion devices generators running in the ORC system. The devices were tested in the following electric power ranges: from 550 W e to 1150 W e (scroll expander) and from 800 W e to 1800 W e (radial microturbine). Based on the obtained results, dynamic state assessment of the tested machines was performed and their noise and vibration levels were analysed.
Introduction
In recent years, the European Union has laid particular stress on application of renewable energy sources and waste heat utilization [1] . The term "micro-installation" has been defined in the Polish Law on renewable energy sources [2] as "renewable energy source with a total installed electric power of up to 40 kW ... with a total installed thermal power of up to 120 kW". It should be noted that micro-installations are located on the premises of a homestead or in its immediate vicinity. This indicates that they must meet a number of specific national circumstances and requirements to ensure the physical safety and psychological comfort of the users. In line with this approach, it is essential to ensure low noise and vibration levels which adversely affect mood and health of people as well as quality of their work [3] .
Noise is the second biggest environmental problem in the European Union, aside from air pollution. It is estimated that almost 67 million Europeans are exposed to excessive noise caused by motor vehicle traffic and almost 21 million people live in places in which the exceedances of permitted night-time noise levels were registered [4] . Widely available data for the year 2010 on actual occupational exposure to environmental noise (obtained from GUS -the Polish abbreviation for the Central Statistical Office) indicate that 41 % of people in Poland were affected by noise exceeding the permissible limit, out of over 700000 workers exposed to hazardous levels of noise [5] . In Poland, 10 thousand people living in 41 towns were examined under the test entitled "National Hearing Test 2011". The results of this study have shown that one third of the persons from the examined population experienced hearing difficulties, and that this number is increasing among young people. In addition, it emerged that almost half of people under age 40 who took part in the study suffer from some kind of hearing loss [6] [7] [8] .
There is therefore a need for research on noise emitted by industrial equipment and installations, since each equipment or installation has its own specific acoustic characteristicsKumaraswamy et al. [31] have assessed the suitability of standards used for vibration analysis of precision machine tools. They claim that the ISO 2372 (RMS velocity in the frequency range from 10 Hz to 1 kHz) and the Canadian specifications (RMS velocity in the frequency range from 10 Hz to 10 kHz) are only applicable to general purpose machinery (e.g. pumps, motors, generators, etc.) and they should not be used for vibration level analysis relating to precision machine tools.
Kromulski et al. [32] conducted the research on mechanical vibrations produced by a mobile grain pneumatic conveyor. The dynamic state assessment of this machine was carried out with reference to PN-ISO 10816-1:1998, according to which the conveyor needs to be categorised as a class II medium-sized machine with a capacity from 15 to 75 kW not requiring special foundations. The maximum RMS of the vibration velocity, determined at bearings location in the conveyors blower, was approx. 26.6 mm/s and exceeded the permissible value stated in the above standard. Nevertheless, in the light of the ISO 2372, the conveyor may be classified as a class V machine with unbalanced forces of inertia or as a class VI machine with an unbalance changing during its operation. According to ISO 2372 the class V machines can operate reliably at speeds of up to 30 mm/s.
Regular measurements of noise are useful when carrying out research on turbine vibration, in particular in the case of vibrations of blades caused by transonic flows of steam in a diffuser. This kind of phenomena are often observed during supersonic flow at turbine blade tips, under strong turbulence conditions, in particular at turbine gland seals [28, 33] . Excessive levels of vibration or noise are often the cause of premature wear of machine parts, which results in disturbances influencing upon the production process such as stoppages due to a failure [28] . Moreover, the gradual degradation of structural components of turboset and steam turbines flow system goes hand in hand with the reduction of turbine internal efficiency. Hence the need for monitoring of the wear of the mechanical components, which provides the opportunity to plan ahead and combine the refurbishment and maintenance, and thus avoid a machine damage [34] .
For instance, Toczek [33] performed vibroacoustic analysis of a modernized 13CK70 turbine (with the capacity of 70 MW e ) and identified excessive noise and vibration levels, which could cause a damage to this turbine. On the basis of research carried out, it has been found that the malfunctioning bearing system resulted in an increased level of vibration. The four-wedge bush bearing was used in order to reduce vibrations induced by aerodynamic forces acting on elements located near the turbine seals. This configuration shifted the stability threshold and enabled safe operation of the rotor shaft over a broader range of displacements.
Wachel [35] investigated vibration levels in a three-stage steam turbine (with the capacity of 13000 h.p.) and an eight-stage syngas compressor in rotational speed range from 2000 rpm to 12000 rpm. It turned out that the first and second critical speeds of the compressor shaft occurred at 4320 rpm and 6200 rpm, respectively. As for the turbine, the vibration amplitude was 1.5 mm at 11580 rpm and around 16 mm at 4000 rpm.
Induction motors are nowadays very often applied in these drives which are operating within a wide range of rotational speeds, resulting in fluctuating levels of vibration and noise. Motor power shift mostly takes place through PWM converters, which may increase natural vibrations of the motor and cause resonance. Therefore, such motors are often at the core of scientific or industrial research [36] .
Szymaniec [37] carried out research on three high-powered engines. The 630 kW engine with the rated speed of 1480 rpm, connected to an inverter, was characterized by a high vibration level at two rotational speeds (1130 rpm and 1360 rpm), which turned out to be its resonant speeds. The rundown test conducted for the engine with the capacity of 1 MW and the rated speed of 2986 rpm have shown very high RMS values of vibration velocity, i.e. 8-10 mm/s. For the third engine, with the capacity of 6.3 MW and the nominal speed of 1490 rpm, operating in a system equipped with the electric pump, frequencies of the vibrations induced by elecromagnetic forces were determined. These frequencies were close to resonant frequencies, which had the effect of increasing the vibrations. Magnetic field and surge voltages had a considerable influence on elevated vibration levels [37] .
Żywica et al. [38] analysed the dynamical state of the hydro set equipped with a 600 kW Kaplan turbine, which is installed in a hydroelectric power plant. The research was conducted in accordance with ISO 10816-1:1995 and ISO 10816-5 standards, on the basis of which the hydro set was classified as a class IV machine, i.e. vertical machines. The tests were carried out for several power loads (such as 105 kW, 200 kW, 307 kW, 403 kW and 480 kW) and, on their basis, it has been found that the maximum permitted level of RMS vibration velocity was exceeded. The maximum permitted values for class IV machines are as follows:
= 30 μm and = 1.6 mm/s for bearings mounted on a foundation frame, = 65 μm and = 2.5 mm/s for bearings mounted above a foundation (where stands for the peak to peak vibration amplitude and represents RMS vibration velocity). Jarzyna [39] measured the vibrations of a two-stage mixed flow pump and identified the harmonic component with a frequency around 74 Hz, which may have occurred due to liquid streams flowing from the rotor vanes and traveling to guide vanes. His finding was strengthened by the point that there is a change in the direction of fluid flow from axial to radial flow in the outlet part of the pump, and this affects the level of vibrations transmitted on the machine body.
Since scroll compressors vibration signals are non-stationary and non-linear, this makes it very difficult to identify the actual signal spectrum. Liu and Wu [40] proposed the analysis based on wavelet entropy method in order to measure vibration of a scroll compressor. Two forms of the wavelet entropy, namely the wavelet space feature spectrum entropy (WSFSE) and the wavelet energy spectrum entropy (WESE), enable to study instantaneous characteristics of vibration signals in both the time and frequency domains simultaneously, providing the full information on signal spectra.
Rockwood [41] applied the SEA method during performing a dynamical diagnostic of a 10-tonne scroll compressor. In this method, resonant values are not counted in the average value, therefore the SEA method is especially recommended for trend analysis, which can be particularly useful early in the design process for prediction of response peaks.
The selection of an appropriate standard which is used in vibration analysis of machines and non-stationary devices, particularly in a system comprising machines with deformable bodies that are supported by flexible steel structures, is a complex task [42] .
A new approach, based on modern methods, is therefore needed to deal with analysing vibration of machinery. For instance, Zargar [43] presented a broad overview of measurement methods. The Bently Nevada monitoring system, which allows the use of the time wave form (TWF) and fast Fourier transform (FFT) analyses, was applied for monitoring of vibration level of a steam turbine's multistage compressor (MPC-C-8001).
Grządziela [44] proposes to carry out technical condition assessment of rotating machines on the basis of measurements conducted in transient states without having to apply synchronising signals. Such approach can be successfully used for stationary turbine sets and marine diesel engines. The identification of unbalance is implemented through the autotracking procedure, which is particularly useful where it is not possible to obtain a direct synchronising signal.
Pursuant to the requirement to reduce noise and vibration level at source, Kiciński et al. [45] performed, at an early stage in the design process, the dynamic state assessment of the rotor used in a 3 kW e five-stage axial vapour microturbine (with the nominal speed of 8073 rpm) which was designed to operate in an ORC installation. Thermal power of the cogeneration system equipped with the microturbine was approximately 25 kW t . Based on computational analysis, dynamical characteristics of the rotor supported either by slide or rolling bearings were determined. The research was carried out by means of the computer programs of the MESWIR series that were created at the IFFM PAS in Gdansk and also using ABAQUS and MADYN 2000 commercial software. The paper [46] describes the dynamical analysis of the single-stage axial-flow microturbine's rotor supported by slide bearings, which had the rotational speed of around 83000 rpm. Due to considerable thermal loads (at the level of 160 °C) affecting the microturbine, the thermal analysis was conducted with the aim of assessing thermal stresses and deformations of the rotor.
Żywica et al. [47, 48] made the dynamic and kinetostatic analysis of a four-stage vapour microturbine with gas bearings. The microturbine had the rated power of 3 kW e , which was reached at the speed of approx. 24000 rpm. ANSYS software and the computer programs included in the MESWIR series were used for the analysis. The maximum stress value was about 34.7 MPa at the rotational speed of 23800 rpm and it was around three times lower than the permitted value. The maximum vibration amplitude was approximately 0.8 μm. Thermal analysis of the microturbine was performed by means of ABAQUS software, which demonstrated the need for use of the machine body cooling system.
It follows from the above literature review that practically no data is available to date as regards research on noise and vibration levels for small power machinery, i.e. with capacities below 40 kW e . In accordance with the requirements included in the Directive 2006/42/EC, the Ordinance of the Minister of Economy [49] and the Ordinance of the Minister of Labour and Social Policy [50] , vibroacoustic tests of the two types of expansion devices were carried out, during their operation in the cogeneration ORC installation with the low-boiling working medium HFE7100. The following expansion devices were examined: 3 kW e prototypical four-stage radial microturbine [51] and 1 kW e commercial scroll expander [52, 53] .
Test bench
The ORC system, installed in the Micro CHP Power Plant Laboratory, is composed of three basic cycles: heating cycle, cooling cycle and working fluid cycle. The heating cycle consists of a group of oil pumps and two independent heat sources: a multifuel boiler and a set of two electric thermal oil heaters that can work independently or in series/in parallel. The prototypical electric flow oil heater consists of two modules. Both modules can work independently or in series and are designed to heat non-conductive fluids (thermal oil) to the temperature of about 250 °C with low electrical power density and the power of 2×24 kW e . The prototypical boiler enables combustion of gas fuel (GZ-50 or syngas) or solid fuel in the form of biomass (pellets). The maximum power of the boiler is about 30 kW t . The prototypical plate heat exchanger with a heat transfer surface area of 4.1 m 2 acted as an evaporator in the heating circuit. In the case of the heat regenerator the shell-coil heat exchanger with a heat transfer surface area of 2.3 m 2 was used. The prototypical plate condenser with a heat transfer surface area of 3.2 m 2 was applied in the cooling circuit. The ORC installation can work using an expansion valve, a microturbine or a group of expanders. 
Test bench for scroll expanders
The test bench allows for testing of two expanders working in different configurations: in parallel, in series or in a single arrangement expander system. It enables carrying out expanders
and electric generators whose nominal rotational speed is 3600 rpm. The technical parameters of the scroll expander are presented in Fig. 1 .
Photo of the ORC system and measurements scheme of the test bench with scroll expanders are presented in Fig. 2 and Fig. 3 . The test bench consists of an electric load system and a data acquisition system to process the following measurement data: thermodynamic parameters (temperature and pressure of the working fluid) and electrical parameters (rotational frequency of the electric generator, current, voltage and power consumed by the electrical load). The data acquisition and measuring system comprises the National Instruments (NI) system and the application created in the LabView environment. The test bench is equipped with a module which enables the measurement of the following parameters: rotational frequency of the expander shaft (0-100 Hz), load current (0-25 A) and voltage (0-250 V). Furthermore, the installation has two collectors (inlet and outlet) and a group of control valves allowing for testing expanders in different configurations. A set of five light bulbs of 1 kW e in total was used as an electrical load for each scroll expander.
The analysis of noise and vibration levels of the ORC system was carried out only for the scroll expander no. 1 (i.e. configuration 2).
Test bench for radial microturbine
The ORC system cooperates with the high-speed four-stage radial microturbine whose parameters are as follows: nominal power 2.7 kW e , nominal rotational speed 24000 rpm and isentropic efficiency about 70 %. The technical data of the microturbine are shown in Fig. 4 .
Fig. 4. Technical data of the radial microturbine
The microturbine shaft is integrated with an electric energy generator and encased in a sealed housing. Given the oil-free construction and the high rotational speed, aerostatic gas bearings powered by a low-boiling medium vapour were used. The microturbine is equipped with a control and measurement system which assures good functioning of the device as well as reception and conditioning of electric energy. The ORC test bench with the radial microturbine and measurements scheme are presented in Fig. 5 and Fig. 6 . 
Measurement procedure and apparatus
The vibration level measurements of the tested machines (radial microturbine and scroll expander) were carried out using a portable vibration analyzer CSI 2140, manufactured by Emerson [55] . All vibration level measurements were conducted during steady state operation of the expansion devices. The vibration level was measured on the microturbine body. In the case of the scroll expander, the measurement was performed on the frame, since the machine body is made of aluminium alloy. The vibrations of the expander's generator were measured on its body. The noise level of the ORC installation with the radial microturbine and scroll expander was measured by means of a portable sound analyzer Nor140, manufactured by Norsonic [56] . Similarly, as in the case of vibration measurements, the noise level measurements of the expansion devices were carried out during their steady state operation. The diagram showing the location of the ORC installation, expansion devices and noise measurement points in the laboratory is presented in Fig. 7 . The noise emitted by expansion devices was measured in three locations P1, P2 and P3 (see Fig. 7 ) for a period of not less than 10 seconds, half a meter away from machine bodies ( = 0.5 m), at a height of about 1.5 m above the foundation level. 
Noise level of expansion machines
Prior to proceeding to the measurements of sound emission of expansion machines, the first thing that had to be done was determining the background noise in the laboratory room in which the ORC installation is situated as well as microturbine and expander test rigs. Subsequently, the background noise was analyzed when individual devices operating in the ORC cycle were switched on. The average values of the background noise level measured in the ORC laboratory are shown in Fig. 8 . The average background noise level ranged from 41.4 dB to 62.6 dB, and the average background noise level was within the range from 49.6 dB to 66.1 dB. The highest increase in the value of Δ occurred when the electric instantaneous oil heater was turned on and amounted to approx. 15 dB, and increase in the value of Δ was equal to 12 dB. In order to determine sound and vibration levels of the expanders throughout the rotational speed operating range, the measurements were carried out at varying electrical loads of the generators. The set of bulbs, that was switched on or off during operation of expansion devices, was applied to simulate electric load changes.
The influence of the rotational speed of the scroll expander (with generator) and the radial microturbine on the electrical power (load) is shown in Fig. 9(a) and Fig. 9(b) , respectively.
The electrical power increases with rotational speed -regardless of the expansion device used (microturbine or scroll expander).
The influence of the rotational speed and the electric power (load) of the scroll expander on the noise level is shown in Fig. 10(a) and Fig. 10(b) , respectively. These curves allow to determine the precise level of noise emitted by the expander for a given value of rotational speed or electrical power.
With the increase of electrical power and rotational speed of the scroll expander the average noise level decreases, according to correction characteristic A (dashed line), from 79.8 dB to 79.4 dB. The arithmetic mean value of the measurements was = 79.6 dB. The increase in the sound level with the increase of electric power and rotational speed of the scroll expander from 83.0 dB to 83.4 dB occurred with the noise characteristics C (dashed line) and the arithmetic mean value of the measurements was = 83.2 dB. The effect of the rotational speed and the electric power (load) of the radial microturbine on the noise level is shown in Fig. 11(a) and Fig. 11(b) , respectively. These curves make it possible to determine the noise level emitted by this device for a given value of rotational speed or electrical power. With the increase of electrical power and rotational speed of the microturbine average noise increases (from 61.8 dB to 62.8 dB) according to correction characteristic A (dashed line) and the arithmetic mean value of the measurements was = 62.1 dB. The level of sound emitted by the microturbine, according to the correction characteristic C (dashed line), decreased from 66.2 dB to 65.2 dB with the increase of electric power and rotational speed, and the arithmetic average of the measurements was = 65.9 dB. It should be noted that the arithmetic means of the measurements of microturbine noise are lower than the average background levels (Fig. 8) by approx. 0.5 dB for noise correction characteristic A and by approx. 0.2 dB for the correction characteristic C. This may be caused by an error in the noise measurements since the maximum permissible error for the sound analyzer is ±0.2 dB. Moreover, the operating parameters of the pumps and electronic instantaneous oil heater can change slightly during microturbine operation in the ORC installation, which may affect the noise level. Further analysis was carried out using the following average noise emission values:
= 62.1 dB for the radial microturbine, = 79.6 dB for the scroll expander and = 62.6 dB as background noise level. The emission sound pressure level at the test bench for expansion devices was calculated in accordance with the following equation:
where is a measured value of the average sound pressure level of the expansion devices (radial microturbineor scroll expander -); and are the correction factors relating to background noise and acoustic absorption of the laboratory, respectively. The correction factor relating to background noise can be calculated using the following formula:
where Δ is the difference between the sound pressure level of the running expansion device ( ) and the background sound pressure level ( ), which can be determined using the following formula:
If ∆ ≥ 10 dB and ∆ < 3 dB then = 0. However, if 3 ≤ ∆ < 10 dB then the value of the correction factor have to be calculated by Eq. (2). The value of the correction factor relating to the acoustic absorption of the laboratory room , was calculated by applying the following formula:
where: = in m 2 -absorption area of the laboratory room, -average coefficient of sound absorption in the laboratory room, in m 2 -total surface area of the laboratory room, = 2 in m 2 -total surface of the measurement area, in m -the smallest distance from the sound source (tested machine).
The value of the average sound absorption coefficient of the laboratory room may be determined from PN-EN ISO 3746 standard or calculated using the following formula:
where: , ,…, -sound absorption coefficients of particular surfaces ( , ,…, ) in the laboratory.
The sound power level ( ) of noise sources (expansion devices), taking into account sound-reflecting surfaces, was calculated by applying the following equation:
where: -value for the reference surface equal 1 m 2 . The following parameter values were applied for the analysis carried out: average coefficient of sound absorption in the laboratory room = 0.15, total surface area of the laboratory room = 143.57 m 2 . In the case of the radial microturbine the value of ∆ was less than 3 dB, which means that more precise method of noise level measurement should be applied (described in ISO 3740 and ISO 9614 standards). The noise pressure level of the ORC installation coupled with the microturbine does not exceed 62.6 dB(A), i.e. the background noise level. However, the noise level of the scroll expander attained a value of about 81.6 dB(A), which was over 26 dB(A) higher than that stated by the manufacturer.
Mechanical vibration of expansion machines
The effect of the rotational speed and the electrical power (load) on the RMS vibration velocity of the radial microturbine is shown in Fig. 12(a) and Fig. 12(b) , respectively. The RMS value of vibration velocity (dashed lines) increases (from 0.41 mm/s to 0.52 mm/s) with the increase of microturbine's rotational speed (from 12400 rpm to 19300 rpm) and electrical power (from 800 W to 1800 W). The maximum measured RMS value of vibration velocity was 0.576 mm/s at rotational speed of 18600 rpm (i.e. at a power of approx. 1700 W). The minimum RMS value of vibration velocity amounted to 0.339 mm/s and occurred at rotational speed of 12400 rpm (i.e. about 800 W).
Selected vibration spectra, measured on the microturbine casing are shown in Fig. 13 and Fig. 14. The spectra obtained at different rotational speeds were dominated by a single synchronous vibration component -the component with a frequency corresponding to rotational speed of the rotor. The RMS value of vibration velocity did not exceed 0.576 mm/s throughout a wide range of rotational speeds tested. This demonstrates that the microturbine operation was stable and the bearing system was functioning properly. It should be noted that the radial microturbine was mounted on a frame which was not fastened to the foundation. On the basis of the ISO 10816 standard, this microturbine may be classified as a class I machine (machines with nominal power below 15 kW). The maximum RMS value of vibration velocity (i.e. 0.576 mm/s) of the turbine allows it to be classified in Zone A (in which the RMS vibration velocity values should fall in the range from 0.28 mm/s to 0.71 mm/s), which demonstrates a very good dynamical state of the expansion device. The exemplary vibration spectra presented in the range up to 1600 Hz, obtained during measurements on a scroll expander casing, are shown in Fig. 15 .
The effect of the rotational speed and the electrical power (load) of the scroll expander on the RMS vibration velocity is shown in Fig. 16(a) and Fig. 16(b) .
The lowest value of RMS vibration velocity of the scroll expander (3.61 mm/s) occurred at rotational speed of 2100 rpm (i.e. around 650 W) and the highest value (6.45 mm/s) was observed at rotational speed of 2280 rpm (i.e. electrical power of 950 W). In the case of AC generator, the maximum value of RMS vibration velocity was 7.35 mm/s at rotational speed of 2028 rpm (i.e. about 550 W). The minimum value of RMS vibration velocity measured was 4.61 mm/s and appeared at generator's rotational speed of 2226 rpm (i.e. electrical power of around 850 W). As already mentioned, the scroll expander was connected to a low-speed AC generator using an electromagnetic clutch, which transferred the vibration onto the body of the generator. The increase of vibration level on the generator, in comparison to those of the expander, may have resulted from a larger rotor mass and a greater residual unbalance.
The tested scroll expanders are characterized by knocking and unstable operation, which manifests itself in the form of many components visible in the vibration spectra. On the basis of analyzed vibration spectra relating to the expander, it can be said that the distribution of vibration components was quite static with a slight tendency towards the increases of high frequency components at lower electrical power (i.e. when smaller power consumers were in use). On the basis of ISO 10816 standard, the scroll expander may be classified as a class I machine (i.e. machines with power below 15 kW). The RMS vibration velocity level of the scroll expander remained within the range from 3.61 mm/s to 6.45 mm/s, allowing it to be classified in Zone C or Zone D, depending on rotational speed. Machines classified in Zone C are normally considered unsatisfactory for long-term continuous operation and they may be operated only for a limited period in this condition which entails immediate planning of remedial action (e.g. maintenance or repair of a machine). Machines falling in Zone D should be taken out of service. It is noteworthy that the tested expander is the new one, recently put into service and still in its initial "run-in" stage, which certainly affected the vibration level. Moreover, it is a volumetric machine comprising eccentric elements that operate in cycles, what in turn leads to elevated vibration velocity levels. The expander was mounted on a frame which was not anchored to the foundation. Similarly as Kromulski [31] and Kumaraswamy [32] for reasons set out above, have also been struggling with selection of appropriate standards needed for expander classification. It can be concluded that there is currently a lack of standards which would allow for the assessment of technical state of volumetric machines operating in cycles that are not fastened to the foundation and their nominal power is in the range 1-3 kW e . 
Conclusions
The paper presents the results of experimental research carried out for a four-stage radial microturbine and a scroll expander which were incorporated into the ORC system, focusing on the analysis of vibration and noise levels. Results of a research on noise and vibration emitted by expansion machinery used in cogeneration systems with power capacities ranging from 1 kW e to 3 kW e were not presented by any other researcher and can be employed by designers and engineers for the construction of domestic cogeneration systems based on the ORC technology. This is particularly important in the present context of growing interest for small cogeneration systems, which are increasingly being used in residential buildings.
The overall conclusion is that vapour microturbines are expansion devices that exhibit significantly better usable characteristics as compared with those of scroll expanders. (both in terms of vibration level and acoustical noise emissions). This is of particular relevance for low-power cogeneration units, intended for domestic uses. Apart from high performance and reliability, such devices need to provide a high level of user comfort and a sense of security.
